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United States Patent Office

2,871,356
Patented Jan. 27, 1959

2,871,356
FREQUENCY-STABILIZED OSCILLATOR

Peter G. Suilzer, Kensington, Md., assignor to the United
States of America as represenied by the Secretary of
Commerce .

Application July 14, 1955, Serial No. 522,188
§ Claims. (CIL. 250—36)

The present invention relates to stabilized oscillators
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15

and particularly contemplates a highly stable bridge-type -

oscillator circuit in which means are provided for mini-
mizing frequency deviations due to phase shift effects.

Conventional oscillator circuits of the Pierce, Miller
or Meacham-bridge type employ a frequency-determining
source such as a resonant tank circuit or crystal unit, an
amplifier and an amplitude limiter. In order to sustain
oscillations, it is necessary, in such type of oscillator
construction, that the gain of the amplifier be made
equal to the losses due to attenuation. The amplitude
limiter serves to maintain the oscillator in the straight
portion of the tube characteristics. In the Pierce
and Miller circuit, the crystal unit is connected directly
between the amplifier output and input while in the
Meacham-bridge circuit the crystal unit is connécted
in a bridge circuit so that positive feedback takes place
through a lamp which serves as an amplitude limiter,
while negative feedback occurs through the crystal umit.
See L. A. Meacham, “The Bridge-Stabilized Oscillator,”
Proc. I R. E., 26, 1278 (October 1938).

Conventional oscillator circuits employ a frequency
determining network, an amplifying means and means
for applying the output signal to the circuit input and
in proper phase. Because of the need of an amplifier in
order to sustain oscillations in practical circuits, phase
shift effects are inherently introduced into the oscillator
circuit and the resulting variance between the phase of
the output and applied input signals results in frequency
drift or deviation.

In the Meacham-bridge oscillator described in the
referred to article, the effects .of amplifier phase shift
are decreased to some extent by the application of nega-
tive feedback. The amount of feedback that can be so
employed is limited however because of instability and
the possibility of parasitic oscillations which characterize
feedback amplifier circuits. The amount of frequency
stabilization obtainable by the use of feedback therefore
only partially compensates for the effects of phase shifts
caused by tube and component changes. The present
invention overcomes the limitations to frequency stability
inherent in previously. existing oscillator control systems
by the use of a high-gain amplifier of moderate phase
stability to decrease the phase shift of another amplifier
in a stable oscillator.

It is therefore an object of this invention to provide a
highly stable oscillator in which the effect of phase shift
on frequency stability is minimized. ‘

Another object of this invention is to provide a highly
stable oscillator construction in which frequency deviation
due to phase shift effects are minimized by a phase
sensitive error nulling device.

Other uses and advantages of the invention will become
apparent upon reference to the specification and drawings.

Fig. 1A is a schematic diagram showing the operative
principles of the present invention;

Fig. 1B is a circuit diagram showing a practical em-
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bodiment of a frequency-stabilized oscillator circuit em-
ploying the principles of this invention;

Fig. 1C is a diagram illustrating certain principles
involved in connection with the invention;

Fig. 2A shows a modified embodiment of the present
invention;

Fig. 2B is a vector diagram showing the relationship
among the voltage signals in connection with Fig. 2A,
and

Fig. 2C is a block diagram showing some of the
principles involved in connection with the modification
of Fig. 2A. .

The present invention is diagrammatically illustrated
in Fig. 1A which shows an amplifier 1 which, together
with a frequency determining means such as the crystal
X-1 which is connected between the output and input
leads 1q and 1b respectively of the amplifier, form an
oscillator. A resistor R1 shunts the input terminal 15
of the amplifier 1 to ground. Inasmuch as the amplifier
1 is grounded as shown, positive feedback will be ob-
tained through the path including the crystal X1 and
resistor R1. The amount of feedback obtainable will be
a maximum at’ the - series-resonant frequency of the
crystal and the system therefore tends to oscillate at
such frequency. The referred to crystal X1 and resistor
R1 are further connected to resistors R2, R3 to form a
bridge 5 as shown having input terminals C—D and out-
put terminals A—B.

An amplitude control means 2 which may be in the
form of a biased diode, automatic gain-control system
or any conventional device tending to stabilize the out-
put voltage of the amplifier 1 at a particular value is
provided in the input circuit of amplifier 1 as shown.

Any phase shift which occurs in amplifier 1 will be
reflected as a similar but opposite phase shift in the
circuit comprising the crystal X1 and resistance R1 and
frequency deviation therefore results.

Such effect is illustrated in connection with Fig. 1C
which shows a bridge-type feedback oscillator similar to
the oscillator portion of the network shown in Fig. 1A.
Only the two branches X1 and R of the bridge are
illustrated as being connected to the amplifier 1 to form
an oscillator.

For the amplifier 1,

By

E=A<¢ (1)

where E; and E; are the ampliﬁer output and input
respectively, A is the gain and ¢ represents the amplifier
phase shift.
For the bridge circuit,
B; _ R 1
E, 2R+jQuR  2+jQu

(2)

where Q is a measure of the selectivity of the resonator
X1. Since
B, E
E3=E1 then, —E—f=E‘i=
and
A<Lé
> =1 3
24 jQu 3)
or
A4 cos ¢--jA sin ¢=2-1-j0u 4)
equating reals: }
2
: L Teos ¢
equating imaginaries:
A sin ¢=Q0p

substituting:
?

9

2 tan ¢=Qu and p=2tan
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but
__A_f=tan & <
=7="q (3

-In- accordance - with- the- objectives of- this invention
such phase-shift effects are substantially decreased in
the following-described- manner:

As shown in Fig. 1A;- the resistors R2 and R3 are con-
nected across the output terminal 1¢ of the amplifier-1
to ground.and-thie‘terminal B between these resistors; and
terminal: A: of the bridge-are connected to the input.of a
second high-gain amplifier 3 having moderate phase. sta-
bility. The output ofi amplifier- 3 s, in turn; applicd
through. conductor 3a- to:the input- of ‘a phase-coniroi
mechanism 4, the output-of which is connected as an input
1d to the amplifier 1.in a-manner such that it will control
the phase shift-of amplifier 1 as. will-be-described. In
accordance with the described. construction, the amplifier
1" is..driven by- a differential - input, i. e., the output of
bridge 5, through-cenductor ib and the output. of phase

controller 4.through conductor id, and the-output of.

the amplifier 1.is fed back to the input through the bridge
5, amplifier 3, and controller 4.

The - described frequency-stabilized. oscillator is based
on an-error. detection and .correction system of operation.
Specifically, if no phase-shift exists in the oscillator am-
plifier 1, the crystal. X2 will have no reactive component
at resonance and will behave as a pure resistance. A state
of :balance can therefore be obtained .in.the bridge circuit
5by the proper choice of the resistors R1, R2,.and R3. In
such  event, no output signal will be obtained from
amplifier 3 and the phase control 4 will not be actuated.

If, due to a reactance change in the amplifier I, a phase
shift is-manifested thereby, the impedance of the crystal
X1 will include a reactive component. Under such con-
ditions, the bridge 5 will be unbalanced and an output will
‘be manifested across the terminals A and B of the bridge
which. will:be 90° out of phase with respect to the bridge
input. After amplification in amplifier 3, such output
signal is applied to the phase control network 4 to decrease
the existing phase -shift in the amplifier 1 by applying a
reaction .effect as will be described. Such reduction in
the phase shift of amplifier 1 is limited only by such fac-
tors as thermal noise from the bridge § and the inherent
tube noise in amplifier 3 and not by feedback considera-
tions.

The principles symbolically shown in connection with
Fig. 1 may be specifically implemented in the circuit
afrangement shown in Fig. 1B corresponding parts being
identified by like reference numbers.

The referred to amplifier 1 may comprise an amplifier
tube Vi, the plate of which is transformer coupled
through a transformer T1 to the input terminals C and D
of the bridge circuit 5. Terminal A of the bridge is con-
nected through the conductor 15 to the input grid of tube
V1, the cathode of which is grounded. Output terminals
A and B of the bridge are connected to the primary of a
transformer T2 the secondary of which is connected as
an input to the amplifier tube V3. The cathode of V3
is grounded and the plate is connected to a scurce of posi-
tive potential through the suitably by-passed primary
winding of a transformer T3.

The transformer T3 includes a center tapped second-
ary which forms part of a discriminator 6. The opposite
terminals of the secondary are connected to dicdes V5,
V6 and to a capacitor C3. The cathodes of the diodes
V5, V6 are connected across resistor. R5, the cathode of
V6 being grounded. The discriminator output is in turn
connected through a low-pass filter 7 to the input of a

reactance tube V4 comprising the phase controller 4 for-

regulating the frequency. of the oscillator.. The plates of
V1 and V4 are connected to the center tap of the discrim-
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inator transformer T3 and to the primary of Ti,. the
cathodes being grounded.

The amplitude control 2, comprises a diode V2 which
is biased as shown from a potential source and paralleled
to the primary of the transformer T1 of the amplifier.

In accordance with the circuit shown in Fig. 1B, any
output obtainable from terminals A and B of the bridge
circuit 5 is amplified in the high-gain amglifier V3.. The
output of the amplifier V3 is coupled through transformer
T3 to the discriminator circuit' 6. Since-the cutput-of-the
bridge 5 is 90° out of phase with the input to the bridge
it is necessary to provide a 90° phase shift between the
output of amplifier V3 and.the discriminator. The sec-
ondary of T3 and the capacitor C3 form a series resonant
circuit at the oscillator frequency producing a 20° phase
shift between the voltage e, in the primary and the
secondary winding voltages e; and ey respectively. Since
the center tap of the discriminator transformer is:also
connected to the output of amplifier V1 it-will be apparent-
that the voltage applied to each of the dicdes V5-and Vé
will be the vector sums of the voltage from Vi and ¢;
and e, respectively. Any phase shift manifested in the
amplifier V1 will therefcre produce a control signal
across the resistor RS in the discriminator circuit 6. Such
control signal is applied through the low-pass filter net-
work 7 to the input of the reactance tube V4 which acts
as the frequency coatrol tube for the oscillator in a con-
venticnal manner. Since the magnitude of the plate
current component in reactance tube V4 is determined by
the magnitude and polarity of the contro! signal across
RS, and the latter signal is, in turn, determined by the
character of the initiating phase shift occurring in ampli-
fier Vi, the resulting component of plate current in V4
therefore appears as a reactance load on araplifier V1.
Such reactive effect substantially reduces the phase shift
effects originating in the tube Vi. If the sense, or direc-
tion.of the amplifier phase shift changes, the sense of the
bridge-output voliage will also change, reversing the
pelarity of the direct-current output of the discriminator.
Accordingly, a bias of proper polarity will be applied.to
the reactance tube Y4 to compensate for the phase. shift
in amplifier 1. In other words, in accordance with.the:
current of Fig. 1B, the A. C. plate current in V4 always
lags the voltage across the primary of T1. Actually, T1is
detuned slightly to compensate for the reactive compon-
ents of the plate current in V4 in the absence. of any
voltage across R5. A plus or minus voltage across R5 will
then produce a net inductive or capacitive reactance
across T1.

The frequency stability of such described system is
limited only by such factors as thermai and tube noise,
and not by the stability ~considerations inherent in a
feedback type of amplifier- arrangement. That is, the
feedback stability considerations- do not govern thé per-
formance of the oscillator because the ouiput of the am-
plifier 3 is not connected directly to its input.to provide
feedback in the ordinary sense of the word. The output
of the amplifier is rather fed back through the frequency
control system described, and therefore, any smaill phase
shift which might occur in the amplifier tube V3 and
associated circuit will only produce-a change in the magni-
tude of the phase control obtained, and will not, there-
fore in itself, result in.a first-order fréequency change as
would occur in the type of conventional feedback system
previously referred to.

The particular embodiment illustrated and described
in connection with' Fig. ‘1B can of course be readily
modified by. the use of equivalent components. For
example, while a single stage of amplification has been
indicated in connection with the two amplifiers, one
or more tube or transistor stages may be employed.
The -biased diode type of limiter V2 may be replaced
with- an- automatic-gain-control system or a‘ nonlinear
device such as a Thyrite, or a Zener dicde may be em-
ployed. The reactance tube V4 may be replaced by a
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saturable  reactor or a mnonlinear, - voltage-controlled
capacitor, an electromechanical variable -capacitor or in-
ductor. While .a crystal resonator has been described,
any equivalent tank circuit such as a magnetostriction
resonator, or turned I-C circuit may be used. More-
over, as will be apparent, the reactance tube, or other
control device can be connected to a part of the am-
plifier tube V1 other than its output,

A’ second embodiment of the invention is shown in
Fig. 2A. In this modification the discriminator and re-
actance tubes are eliminated, and the output of the
amplifier 3 is connected directly to the output of am-

. plifier 1.

The circuit shown in Fig. 2A is the same as that
described in connection with Fig. 1B, with the except-
ion that the output from the amplifier tube V3 is con-
nected directly to the output of the amplifier tube V1.
As in the case of the embodiment of Fig. 1B, when the
bridge 5 is balanced, the amplifier V3 will not function.
If, however, a phase shift ¢, is associated with. the
amplifier V1, the crystal in the bridge circuit will ex-
hibit a reactive component and the output manifested
by the bridge will, for smal] phase angles, therefore be
90° out of phase with the output of V1. Under such
conditions the component of plate current in amplifier
V3 will either lead or lag the input to the bridge 5
The tube V3 accordingly appears as a reactive load on

) amphﬁer V1 and substantially decreases the phase-shift
effects in the latter.
The operation of the circuit embodiment shown in

Fig. 2A is illustrated by the vector representatlve of

Fig. 2B in which:

15

20

25

30

Eg=the voltage signal applied: to the grid on input of

amplifier V1
E;=output of amplifier V1
Es=output of the bridge 5
Eg=output of the amplifier V3
Ey=E;+FE3
==phase shift angle occurring in amplifier V1, and
¢=phase angle of amplifier 3 .

As is conventional the input signal. Eq establishes
the reference vector, positive angles being measured
counterclockwise with respect thereto. ‘The vector Ej
represents the output from amplifier V1 shifted through
an angle ¢, due to phase shift effects in V1. . The vector
Es representing the output of bridge 5 is 90° out of
phase with E, as described and the vector Eg is there-
fore drawn at 180° with respect to. Es. The combined
outputs E; and E; of the amplifiers V1 and V3 re-
spectively is indicated by the vector E, which is the
vector sum of E; and E;. As indicated in the diagram,
the phase angle ¢, of the resultant E, is considerably
less than ¢,. Fig. 2B further shows that variations in
the load impedance angle ¢ produces practically no
change in the resulting phase angle ¢y, as illustrated
by the broken lines in the vector diagram.

The degree of stabilization obtainable may be derived
in the following manner:

Fig. 2C symbolically illustrates the basic ‘oscillator

circuit of Fig. 2A which has been stabilized in accord-
ance with the principles of this invention. The output
A of the oscillator amplifier 1, having a phase angle ¢

is connected to the bridge 5. The output of the bridge

is applied to the amplifier A3 which has a phase angle
#. For the circuit arrangement of Fig. 2C,
E
A (6)
where
=9 %
”—wo w
and
w=2rf
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6
and .
=A1<pEg—]d3<6.% QuE, ©))
or
Ho= A1<¢-2f%-"jAs<0-%QﬂEo (8)
from which
24j0p=A1<¢p—(jd2<0.Y4 Qu) (2+jQp) 9

let 6=0
2+jQu=|41| cos ¢-jld;| sin ¢—an-%QM+A2’%(Q:6£2

equating reals,

2=IA1I cos ¢+%A3Q2/I.2 (11)
or
' 2—A.Qu
|41 I—TM‘“ (12)
equating imaginaries:
Qu=|d,| sin p—A43- ¥ 0u (13)
Qp=2 tan ¢—Y44;0%2 tan ¢—As5-150u  (14)
Qu(1+%2435) + @ (Yads tan ¢)=2 tan ¢~ (15)
if i
tan ¢<1 and Qu<<1
2 tan ¢
PNl i 1
S O A (16)
since '
Af
=2—=
!
then
Af _tan¢
1
A iE=rr a7
Since (i is the phase angle of amphﬁer Ag
2+JQM—A1<¢—J%QMA3<¢(2~I-JQ;L) (18)

from which.
2-4iQu=|44| cos ¢-jl4y| sin ¢+%1A31Q#(Qu cos

¢+2 sin ¢)+jV¥4|A43/Qu(Qu sin 82 cos 6)  (19)
equating reals:
A1=2—%A3Q,/.(Q,u cos 042 sin 4) (20)

cos ¢
equatmg imaginaries:
=|A,| sin ¢-+V4|A3|0u(Qpu sin 6—2 cos 0) (21)
Substxtutmg the above-derived value for Ay,

Ou=tan $[2—V4|A43/Qu(Qu cos 6--2 sin 6)]
V4 |A5|0u(Qusin 6—2 cos ) (22)
from which it can be shown that
2 tan ¢
QI1+%A3 cos 6] (28)
since
Af
=22/
Ty
then
Af tan ¢ (24)

f QL% A4; cos 6]

It can be seen from the above equation that, for
large values of Aj, the stabilization is proportional to
As, while small values of ¢ have little effect. It is easy
to keep ¢; small because little voltage gain is required
in amplifier 1.

The use of an auxiliary amplifier in the above-discussed’
modification results in a significant improvement in fre-
quency stability as compared to a conventional bridge-
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type oscillator such as described in the referred to
Meacham publication.. In:the Meacham type oscillator,

all of the amplification takes place in a single amplifier,.

the output of which is connected back to its input through
a.bridge containing the crystal unit, lamp, and resistor
arms. As the output of the amplifier increases, the in-
creased lamp resistance tends to balance the bridge, until
the product of the amplifier gain and the bridge trans-
mission equals’ unity. Under such conditions, the ex-
pression for frequency deviation (assuming an equal-arm
bridge) becomes: .

Af 2sin¢

! Q4
where Af, f, and Q are as defined above, and ¢ is the phase
shift of an amplifier having a gain A. It will be apparent

(25)

from such equation that the frequency deviation is di-:

rectly proportional to the phase angle, and the effect of
increasing A in order to reduce Af must also increase
the value of ¢, a result which is obviated by the modifica-
tion described in connection with Fig. 2. The various
modifications described. in connection. with the embodi-
ment illustrated in Fig. 1 are obviously applicable to the
frequency control device of Fig. 2.

It will be noted: therefore im connection Wlth the

modification of Fig. 2 that there is no real (in-phase) :

component of transmission through the bridge 5, and the
problem of feedback-amplifier stability does not exist to
the extent that it does in.the Meacham type circuit.

It will be apparent ithat' the. embodiments shown are

only exemplary and that various modifications can. be:

made in construction and arrangement within the scope of
invention as defined in the appended claims.

What is claimed is:

1. A frequency-stabilized electronic oscillator compzis-
ing a frequency-determining circuit, phase sensitive sig-
nal-amplifying means coupled thereto, a balanced bridge,
a portion of said bridge forming part of said frequency-
determining circuit,
moderate phase stability connected to receive the output
of said bridge, and means responsive to frequency varia-

tions in said frequency determining circuit connecting: -

the output of said second amplifier to said first amplifier

a second high-gain amplifier: of-

(o7}

10

30

‘ &
for.exerting a reactive phase compensating control effect
on said first amplifier.
2. A frequency-stabilized electronic oscillator compris-
ing a first phase sensitive signal amplifying means, a .

* balanced bridge circuit including a frequency determining .

means connected between the output -and input of said
ﬁrst amplifiér, a feedback circuit connected between the
output of said bridge and the input of said first amplifier
comprising a second, high-gain amplifier of moderate -
phase stability and.responsive to.frequency variations in -
said frequency determining circuit and means controlled
by said second amplifier for exerting a reactive phase
compensating effect on said first amplifier.

3. A frequency-stabilized electronic oscillator compris-.
ing- a phase sensitive.first signal amplifying means, a:
balanced bridge circuit including a frequency determining
means connected. between the output and input of said
first amplifier, a.second high-gain amplifier of moderate
phase stability and responsive to frequency variations in

“said frequency -determining circuit connected to the out-

put of said bridge and variable reactance means respon-
sive to the output of said second amplifier and connected
to. said first. amplifier for controlling the phase ocutput of
said first amplifier.

4. The invention as defmed in claim 3 in which said
variable . reactance contrcl comprises, a discriminator -
responsive to the output of said first and second ampli-
fiers, said discriminator including means tuned -to the-
resonant frequency of the.oscillator and means for mani-

festing a control signal proportional to the deviation from -

said resonant frequency, and a reactance tube. responsive
to said control signal. .

.5..The invention as defined in claim 1 in- which said:
bridge is normally balanced at the resonant frequency. of

“said frequency determining network and said second "

amplifier is energized by said bridge output only when:
deviation from said resonant frequency occurs.
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